The free convection from a sphere, which is subjected to a constant surface heat flux in the presence of g-jitter is theoretically investigated in this paper. The governing equations of motion are first non-dimensionalized and the resulting equations obtained after the introduction of vorticity are solved numerically using an implicit finite difference method for a limiting case Re >> 1 or the boundary layer approximations. Table and graphical results for the skin friction and wall temperature distributions as well as for the velocity and temperature profiles are presented and discussed for various parametric physical conditions Prandtl number, Pr=0.72, 1 and 7. Results indicate that g-jitter induced convective flows is stronger when Pr is small.
Studies on g-jitter induced flows have been made by many researchers. Amin [3] has studied the heat transfer from an isothermal sphere immersed in an infinite viscous and incompressible fluid in a zero gravity environment under the influence of g-jitter. It has been shown that heat transfer is negligibly small for highfrequency g-jitter but under special circumstances, when the Prandtl number is sufficiently high, low frequency g-jitter may play an important role. Since the paper by Amin [3] , many authors have investigated the effects of gjitter on fluid motion of a viscous fluid in cavities and channels, e.g. Gershuni and Zhukorvitskiy [4] , Wadih and Roux [5] , Biringen and Peltier [6] , Biringen and Danabasoglu [7] , Alexander et.al. [8] , Farooq and Homsy [9, 10] , Li [11, 12] , Pan and Li [13] , Suresh et. al [14] , Hirata et. al [15] and Chamka [16] . There are also three recent papers by Rees and Pop [17] [18] [19] on g-jitter effects on the free convection flow, in a porous medium [17, 18] and, in a viscous (non-porous) fluid [19] .
In this paper, the behaviour of g-jitter induced free convection boundary layer in microgravity from a sphere subjected to a constant heat flux is studied. Constant heat flux is considered in our studies because an important practical and experimental circumstance in many convective flows is that generated adjacent to a sphere dissipating heat uniformly. It should be mentioned that the paper by Amin [13] is for a sphere with a uniform temperature or isothermal sphere.
Basic Equations
Consider the buoyancy-driven laminar flow around a fixed sphere of radius a immersed in a viscous and incompressible Boussinesq fluid, which is at uniform temperature T ∞ . We assume that the sphere is placed in a fluctuating gravitational field *( *) g t k , where k is the unit vector pointing vertically upward and we assume that
, where 0 g is the magnitude of the g-jitter and ω is the frequency of the g-jitter oscillation. It is also assumed that the sphere is subjected to a constant heat flux w q . The g-jitter induced free convection is described by the continuity, Navier-Stokes and energy equations, which can be written in nondimensional forms as, see Amin [3] ,
where t is the non-dimensional time, v is the non-dimensional velocity vector, T is the non-dimensional fluid temperature and p is the non-dimensional pressure. These quantities are defined as * *, * / ,
Further, c U is the characteristic velocity, Re is the Reynolds number and ε is a dimensionless parameter given
with k being the thermal conductivity and υ is the kinematic viscosity. We note that ε is a measure of the ratio of the amplitude of fluid particles fluctuations to the radius of the sphere and, as we can see below, Re is interpreted as a Reynolds number which characterizes the induced steady streaming. We remark that this Reynolds number is larger by a factor It is convenient to eliminate the pressure from (2), and introduce the vorticity ω which then satisfies 
Equation (1) is then satisfied identically and the vorticity equation (6) 
where in (9) and (10)
We shall solve these equations assuming the following boundary conditions 0 r
Solution Procedure
Fluids with a very large Prandtl number, Pr, anticipate that even small steady streaming velocities may enable convective heat transfer to overwhelm that due to pure diffusion. We now address this situation by assuming Re=O (1) and Pr=O(1) where convective effects are important, and we anticipate that the time-averaged temperature at leading order will not be of the purely diffusive form (see equation (37) in Sharidan et. al. [20] ). Following Amin [3] we develop the solutions for case Re >> 1 by substitute expansion
into (9) and (10). Before embarking upon our solution procedure in detail, we remark that the main aim of our investigation is to determine the behaviour of the time-averaged heat transfer at the surface of the sphere, that is 
Whereas the equations for
We consider now the limiting case when Re → ∞ , or boundary layer approximation. This boundary layer has the thickness 1 3 ( ) O Re − that encompasses the much thinner Stokes layer for Re << 1. It is also worth mentioning that for the corresponding isothermal sphere problem, the thickness of the boundary layer is 
Substituting (21) into equations (17) to (20) and letting Re → ∞ , we obtain the following boundary layer equations for the corresponding functions (1 ) sin
To obtain an equation for the steady stream function (22) to (24) as follows. Equation (22) is integrated twice with respect to η to give
Substituting this relation into equation (24) , followed by integration with respect to t, we obtain 
We now integrate equation (23) once with respect to η and use (22) , (26) and (27) to obtain the following boundary layer equation for
Equation (28) is to be solved together with (25) for the steady temperature 
To start the numerical solution, we need to determine initial conditions of equations (28) 
subject to the boundary conditions (38), which become
where primes denote differentiation with respect to . 
Method of Solution
Equations (28) and (25) subject to boundary conditions (29) to (30) were solved numerically using a very efficient finite difference scheme. The scheme employed is the box method developed by Keller [21] . This method has been shown to be particularly accurate for parabolic problems. It is faster, easier to program and it is chosen because it seems to be the most flexible of the common methods, being easily adaptable to solving equations of any order. The Keller-box method is essentially an implicit finite difference scheme, which has been found to be very suitable in dealing with nonlinear problems. Details of the method may be found in many recent publications, and here we have used the procedure outlined in Cebeci and Bradshaw [22] . One of the basic ideas of the box method is to write the governing system of equations in the form of a first order system. For this purpose, we introduce new dependent variables 1 
This means that With the resulting first order equations, the "centered-difference" derivatives and averages at the midpoints of net rectangles and net segments are used, as they are required to get accurate finite difference equations. We consider the net rectangle on the plane and denote the net points by 
If we substitute (47) to (49) into (38) to (42), the resulting finite difference equations are implicit and nonlinear. Newton's method is first introduced to linearize the nonlinear system of equations before a blocktridiagonal factorization scheme is employed on the coefficient matrix of the finite difference equations for all η at given µ . The solution of the linearized difference equations can be obtained in a very efficient manner by using the block-elimination method (Cebeci and Bradshaw [22] ). In all the results quoted here were obtained using uniform grids in both the µ and η directions, with 1000 points in the range 0 (28) and (25) as discussed above.
Results and Discussion
We have solved numerically the two systems of the steady-state boundary layer equations (28), (25) Figures 1 to 2 show the comparison of the non-dimensional skin friction and wall temperature between the g-jitter case and without g-jitter case (Nazar et. al. [23] ). It is shown that the skin friction for the g-jitter effect has an oscillation behaviour. However, the oscillation behaviour for the wall temperature for g-jitter case is very small. Both skin friction and wall temperature are larger for the g-jitter case than that for the case without g-jitter effect. However, as θ increases starting from The peak of these profiles decreases as the values of Pr decreases. This behavior may be attributed due to the g-jitter effects. Some values of the non-dimensional skin friction and nondimensional surface temperature are given in Table 1 for Pr = 0.7, 1 and 7, and several values of the angle θ . It is seen that the skin friction along the sphere increases as θ increases, as expected, and it has an oscillatory behavior. However the surface temperature decreases with the increase in θ . It is also seen that both the skin friction and the surface temperature decrease as the Prandtl number Pr increases.
It is worth mentioning that such a singularity at the pole has been observed also by Potter and Riley [24] and Brown and Simpson [25] for the same boundary layer problem without g-jitter effect. Latter, Omar Awang [26] was able to extend the range of the calculations almost to the upper pole of the sphere. He also demonstrated that the analytical structure close to upper pole derived by Brown and Simpson [25] is consistent with his numerical solution.
Conclusion
The secondary steady motion, or acoustic streaming, consists of a momentum (velocity) and a thermal boundary layer, and the solution of the corresponding boundary layer equations is determined numerically using the Keller-box method. It is found that the skin friction increases indefinitely at the pole of the sphere 0 0 θ = , while the wall temperature remains finite at this point. It is worth mentioning that the solution presented here may also prove useful as a guide for more complex g-jitter accelerations such as, for example, a sum of Fourier harmonic components with distinct frequencies and amplitudes considered by Li [11] . It is hoped that the solution presented here, as well as in Amin [3] , will further serve as a foundation for more complex and realistic studies of free and mixed convection flows from bodies of other configurations and also under the influence of an external magnetic field. It will also help to develop baselines for practical microgravity processing system design and development.
